We discuss here a recent study using diffuse optical tomography to make simultaneous dual-breast measurements in 21 subjects during a respiratory challenge. An exponential fit to the transient response differentiates between tumor-bearing and healthy breasts.
Introduction
Imaging the dynamic response of tissue can provide important information about vascular characteristics and function. We present here a study of 21 subjects who were imaged using diffuse optical tomography (DOT) during a respiratory challenge. The hemodynamic response of the tissue can help differentiate between malignant, benign, and healthy tissue.
Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) uses the transient response of the breast to an injected contrast agent to identify breast tumors as well as to provide additional information for differentiating between malignant and benign masses. Dynamic optical imaging may be able to similarly contribute to breast cancer detection and characterization. Dynamic optical imaging typically relies on endogenous contrast from oxygenated and deoxygenated hemoglobin in response a stimulus (e.g. a breath hold, respiration of gas, application of pressure), although it can also involve an injected contrast agent (namely indocyanine green). It is a non-ionizing and inexpensive imaging modality that does not require compression of the breast. While many groups have shown promising results with static DOT imaging of breast cancer [1] , dynamic DOT studies have typically been limited to case studies with small patient groups. Here we aim to explore, in a larger study of 21 subjects, how hemodynamic features in response to a breath hold can be used to characterize breast tumors.
Methods

Dual-Breast Optical Imaging Instrument
All imaging was performed with a continuous-wave diffuse optical tomography system developed in our laboratory [2] . The system images both breasts simultaneously with 32 sources and 64 detectors for each breast. The breast is illuminated with near-infrared light at wavelengths 765 nm, 808 nm, 827 nm, and 905 nm. The frame rate of the system is 1.7 Hz, facilitating a range of dynamic imaging studies. In addition, the large dynamic range (~160 dB) allows for imaging of larger geometries, such as the breast. The system is built upon digital detection techniques, including a digital-signal-processor backbone that allows for fast acquisition and processing of the optical signal. The optical source and detection fibers were brought into contact with the breasts with a non-compressive contactbased interface that can image subjects in both the seated and standing positions without the use of matching fluid. The interface uses a flat plate to bring optical fibers in contact with the underside of the breast, and a set of 8 articulating fingers to make gentle contact with the top part of each breast.
Clinical Protocol
In this HIPPA-compliant Institutional Review Board (IRB) approved study we used DOT to image 21 subjects. The mean age was 54±10 years and 13 of the 21 subjects were post-menopausal. The average BMI was 30±4. Of the 21 subjects, 3 were healthy patients with no breast masses, while in the other 18 patients we studied 22 breast masses including 14 malignant and 8 benign. The average mass size was 1.6 cm, ranging from 0.1 cm to 4 cm. Of the malignant masses 4 were invasive ductal carcinomas (IDC), 1 was an invasive lobular carcinoma (ILC), 2 were ductal carcinomas in situ (DCIS), and 3 were a combination of IDC, ILC, and DCIS. The 8 benign masses included 1 atypical ductal hyperplasia (ADH), 4 fibroadenomas, 1 cyst, 1 sclerosing adenosis, and 1 unbiopsied mass.
Study participants were imaged in a standing position with the optical interface in contact with both breasts. Following the positioning of the optical fiber interface and the adjustment of the articulating fingers, the optimal gain was automatically computed for each source-detector pair. Next, the imaging protocol began, consisting of a baseline period followed by three 30 second breath holds with 90 second recovery periods. Some subjects completed shorter (20-30 s) breath holds. This protocol is outlined in Fig. 1 , below. 
Reconstruction Algorithm
The diffuse approximation to the equation of radiative transfer was used as a forward model of light propagation in tissue. We chose to use a PDE-constrained multispectral method for obtaining the 3D spatial distribution of chromophores as it allows for fast three-dimensional image reconstruction from a large tomographic data set [3] . In this study we reconstructed 100 frames starting from the onset of the breath hold. The changes in oxygenated hemoglobin [HbO 2 ] and deoxygenated hemoglobin [Hb] were reconstructed relative to the 50-frame baseline period immediately preceding the onset of the breath hold. As such, all results are expressed as a percentage change from the baseline. All results are reconstructed on a mesh comprised of ~6500 elements (~0.5 cm voxel size).
Images were quantified using an automated program (Matlab 7, Mathworks) to detect the voxel of peak change and then extract a volume average for a 1 cm-radius sphere around that voxel. The position of the sphere is determine for each frame and thus makes the algorithm less sensitive to respiratory motion, and requires no a priori information on the tumor location. We refer to this 1cm-radius spherical average around the peak voxel as 
Results
Observed hemodynamic response to a breath hold
During the course of a breath hold there is an increase in blood in the breast, an effect that is attributed to increased intrathoracic pressure impeding venous return to the heart. In addition to the blood volume increase, there is also an increase in deoxygenated hemoglobin due to the lack of new oxygen being introduced into the system. Following the end of the breath hold the deoxygenated hemoglobin levels gradually return back to baseline values. The d[Hb]%, normalized to the peak value during the breath hold, for a healthy breast (solid black line) and a breast with an IDC + DCIS of 1.4x0.6x0.6 cm (solid grey line) are shown in Fig. 2a . The area of optimal separation between healthy and tumor-bearing breasts occurs following breath hold, during the recovery phase.
Exponential Fitting
In order to capture the difference in breath hold profiles of the healthy and tumor-bearing breasts we fit an exponential function to the breath hold and minimized the root mean squared error between the exponential function and the actual data. The exponential function was characterized by the following equation:
where t is the time from the onset of the breath hold, τ r is the rise time constant and τ f is the fall time constant. For each patient t BH is automatically determined as the point during the breath hold range (0-30 seconds) where the curve reaches its maximum. The functions f sd and f su are step down and step up functions, respectively. All exponential fitting was performed on normalized experimental data. This allows the fit to focus primarily on the shape of the curve without being concerned with the amplitude of change. For this reason, the rising exponential function is normalized to insure that (1) reaches a peak of 1 at t BH . Fig. 2a shows the exponential fit for the healthy (dashed black) and tumor-bearing (dashed grey) breasts.
After computing the average τ r and τ f across subjects we explored how these parameters captured some of the characteristics of the breast masses. Fig. 2b shows the rise time for the healthy (n=6), benign (n=8), and tumor-bearing breasts (n=14). The τ r for the tumor-bearing breasts is smaller than for the healthy breasts (Healthy: 39.7±30.1%; Tumor: 25.2±27.1%; p=0.33), but with very little statistical power. The greater difference in the tissue hemodynamics occurs following the breath hold, captured by the fact that τ f , shown in Fig. 2c , is a more promising indicator. Tumor-bearing breasts have a slower washout rate, reflected by the fact that τ f is larger in the tumorbearing breasts than in the healthy breasts (Healthy: 14.3±9.5%; Tumor: 29.9±29.5%; p=0.09). The benign masses fall in between the healthy and tumor bearing breasts for both τ r and τ f . 
Conclusions
Using optical tomography we were able to differentiate between healthy and tumor-bearing breasts based on their hemodynamic response to a breath hold. These effects have been previously explored in small patient numbers [4] , but this comprehensive look at a larger patient group confirms that the hemodynamic response to a stimulus can provide additional information about the breast for use in detecting masses and differentiating malignant, benign, and healthy pathologies. More sophisticated fitting techniques will be explored in the future, and more benign masses will be studied to understand how their transient characteristics differ from malignant and healthy tissue. 
